The influence of voids on the moisture uptake of epoxy matrix has been studied. Specimens with void contents from 0 to about 50% were prepared. Void geometry and content were analyzed using microscopy and density methods. Voidcontaining samples were characterized by differential scanning calorimetry and dynamic mechanical analysis which verified consistency of chemistry. The moisture uptake of specimens immersed in distilled water at 40 C was monitored. The rate of absorption and saturation moisture content increased with increasing void content. Mass balance calculations revealed that only 6-8% of the void volume is occupied by water at saturation. The moisture uptake of void-free and void-containing specimens was non-Fickian. The Langmuir model provided better fits to the experimental results, although the high void content specimens showed substantial deviations from the Langmuir diffusion model. The moisture diffusivity of the void-free and void-containing specimens agreed reasonably with the Maxwell inclusion model.
Introduction
Polymer resins are widely used for numerous applications such as matrix materials for high performance fiber-reinforced composites. Such structures operate in humid air and they are also likely to be exposed to liquid water. Polymers are typically not soluble in water, but unlike ceramics and metals, most polymers absorb water. Water absorption depends on the polymer chemical structure, the surrounding environment (humid air or liquid water), and the temperature.
1,2 Many researchers have identified that the ingress water in polymers tends to degrade the material, manifested in reduced glass transition temperature and modulus, e.g. De'Ne`ve and Shanahan, 3 Alamri and Low, 4 Nogueira et al., 5 Deroine´et al., 6 and Zhou and Lucas. 7 Absorbed water in polymers has fundamentally been classified as ''free'' and ''bound'' water. 8, 9 Free water represents a normal liquid state where the water molecules do not interact with the polymer chain and are free to move in cavities inside the polymer. For polymers without macroscopic voids exposed to humid air or water, absorbed moisture fills up the free volume. 10 The bound water molecules are attached to hydroxyl groups in the polymer chain with hydrogen bonds. Bound water is responsible for swelling of the polymer contrary to the free water, which does not cause swelling of the polymer network. 11 The moisture uptake in polymeric resins without voids has been well documented and is commonly analyzed as single-phase diffusion described by Fick's law. 12, 13 Water sorbs into neat polymer resin by a diffusion process driven by concentration gradient where the concentration of the water molecules changes with position and the time. Deviations from the Fickian diffusion model were reported by Carter and Kibler, 14 who accommodated the two states of water and proposed a two-phase diffusion model called Langmuir model. Bonniau and Bunsell 15 examined the applicability of Fickian and Langmuir models on glass/epoxy composite specimens cured with different hardeners exposed to humid air and water. They found that moisture uptake by specimens cured with diamine hardener followed Fickian diffusion, while specimens cured with dicyandiamide hardener obeyed the Langmuir model.
Voids are cavities in a material introduced accidently but sometimes by purpose. Figure 1 presents a schematic cross section view of a polymer where the voids are indicated by a dark color. Undesired voids typically form in polymers by air entrapped during liquid processing. Undesired voids may also develop in a thermoset polymer resin during the cure reaction due to gas formation from chemical reactions between resin and catalyst. 16, 17 Inhomogeneity on a microstructural level has presented difficulties in the analysis of the moisture transport. When polymers containing voids are exposed to water, water molecules diffuse into the resin until they reach the boundary of a void. He and Fan 18 suggest that absorbed moisture that enters voids must condense to form liquid water.
The influence of voids on the moisture uptake of polymers has not been widely studied. Lo´pez et al. 19 found increased moisture uptake with increasing void content (porosity) in a semicrystalline fluoropolymer. Li and Weitsman 20 immersed closed-cell PVC foam in seawater and found that the moisture content increased with increasing cell size and void content. They found the water uptake mechanism started with water molecules filling the open cells at the foam surface which was followed by a slow process where water molecules entered neighboring cells. After long-term immersion they found the interior part of the PVC foam panel remained dry. Earl and Shenoi 21 similarly examined the moisture uptake in closed-cell PVC foams immersed in water. They found moisture uptake mechanism occurs in multistage process where water molecules diffuse through the cell walls into neighboring foam cells.
The influence of voids on water uptake by composite materials with a polymer matrix has been addressed. Thomason 22 studied moisture uptake in glass/epoxy composites under high relative humidity conditions and found that voids greatly elevate moisture uptake. He found that composites containing voids absorbed much more water than the resin component.
Fichera and Carlsson 23 confirmed that a carbon/ vinylester composite absorbed water much in excess of the resin which was attributed to voids at the fiber/ matrix interface.
This study presents moisture uptake results for epoxy specimens with a range of void contents. Epoxy resin was mixed with foaming agents to achieve void contents from 0 to about 50%. The microstructure of the void-containing specimens was examined by optical microscopy. The void content was determined using image analysis and density methods. Dry void-free and void-containing epoxy samples were characterized by differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) to verify the consistency of chemistry. Specimens were immersed in distilled water at 40 C and the moisture content was monitored until close to saturation. The influence of voids on the moisture uptake is analyzed using a Langmuir diffusion model and mass balance calculations.
Experimental

Materials
Epoxy resin Epon TM 828 and Epikure TM 3072 curing agent both manufactured by Hexion Company (US) were selected for this study. Epon 828 is bisphenol-A diglycidyl ether epoxy, and Epikure 3072 is an amine curing agent.
To create voids, two types of foaming agents were used. Polymethylhydrosiloxane (PMHS), manufactured by Sigma-Aldrich Company, is stable to air and moisture, nontoxic, and used as a foaming agent for polymers. The chemical structure of PMHS is shown in Figure 2 (a). The possibility that PMHS reacts with water has been examined by Lee et al. 24 They found that PMHS material is inert to water after cure. The other foaming agent is fluoro/dimethylsiloxane copolymer (POMSC) ''surfactant'' obtained from Momentive Company with a chemical structure shown in Figure 2 (b).
Mixing ratio refers to the ratio of mass of added substance to mass of epoxy resin. When adding any chemical ingredient to epoxy, the mixture was stirred for 3 min. The mixing ratios are listed in Table 1 . Voidfree epoxy specimens were prepared by two amine ratios (0.3) and (0.35) ( Table 1 ). For the void-containing specimens, 0.3 ratio amine was first added to the epoxy and mixed, then the other ingredients (PMHS and POMSC) were added. Finally, extra amine was added at a ratio of 0.05. The mixing ratios of the voidcontaining epoxy specimens were guided by the epoxy foam study of Wang. 25 For the low void content specimens, POMSC (surfactant) was added to the epoxy/ amine mixture. For the medium void content specimens, PMHS (blowing agent) was added. High void content specimens were prepared using two recipes (Table 1) . Mixture (a) did not include surfactant POMSC, while mixture (b) included POMSC at a ratio of 0.01.
Test specimen preparation
Test specimens in the form of a circular plate of 50.8 mm diameter and 5.08 mm thickness (Figure 3(a) ) were prepared by casting uncured resin (Table 1) in an open circular mold cavity (see Figure 3(b) ). Five to seven replicate specimens were made. The resin samples were cured for at least 14 days at room temperature (25 C) according to specifications from the epoxy resin manufacturer.
Microstructural characterization
Cross sections of epoxy specimens (void free, low, medium, and high void content) were examined in an optical microscope (Versamet-2 Unitron-7011) to analyze the void geometry and determine void size and void content. 26, 27 Specimens were first sectioned with a circular blade saw and molded in epoxy in a mounting cup with 3.81 cm diameter from Buehler Company to obtain a sample holder. The cross section was sanded using 240, 320, 400, and 600 grit papers. The final step was polishing using a micro-cloth coated polishing wheel. Water solutions containing 5 and 1 mm aluminum oxide particles were used to remove specimen scratches. A flat surface with a mirror-like finish was achieved after the polishing process. ImageJ software 28 was utilized to determine the void size and void content. Void area fraction is used to estimate the void volume fraction. 29, 30 The area-to-volume conversion assumes the voids are close to spherical in shape and distributed randomly inside the specimen. 31 The image analysis requires calibrating the size of the image by viewing a small ruler. Hence, the measurement scale is transferred to the desired units (e.g. millimeter). Figure 4 shows an example of a cross section of a sample containing voids with a millimeter scale included. The steps of ImageJ analysis are outlined in Figure 4 . First, the original image (Figure 4(a) ) is converted to a binary image (8 bit) (Figure 4(b) ). Then, the grayscale image is changed to a black and white image by adjusting the image threshold. The voids are clearly distinguished as black dots in the image (see Figure 4(c) ). The number of voids is counted and their area is measured. The void content is estimated from the total area of voids divided by the image area. Void size is expressed as an effective diameter determined from the void area.
Density measurement is a common method to determine the overall void content in a sample. 32, 33 Because voids have no mass but contribute to volume, the density will decrease in proportion to void content. The void content is given by ASTM D2734-09 (2009) where r is the density of the void-containing specimen and r m is the density of the solid (void-free) material (reference). The density of specimen (r) is defined as mass of the specimen (W) divided by its volume (V). The specimen volume may be calculated from the specimen dimensions using, e.g. digital caliper and micrometer. Another method to determine the volume is to use Archimedes method. 35 This method utilizes air and hydrostatic weighing (underwater weighing) to measure the volume. The Archimedes principle states the volume of a specimen immersed in water (cm 3 ) is equal to the weight of water (g) that it displaces. This method, obviously does not work well for materials with density less than water (r w ¼ 1 g/cm 3 ) since they will float on the surface of water. Only the void-free samples have density higher than 1 g/cm 3 . The density of void-free epoxy specimens was determined by both Archimedes method and from weight and dimensional measurements. Using an analytical balance accurate within AE0.01 mg, the specimen was first weighed in air (W 1 ). A beaker containing distilled water at 19 C and a wire (used to suspend the specimen) was placed on the balance and the weight W 2 was determined. Then, the specimen was suspended in the water above the bottom of the beaker using a wire and stand arrangement. The specimen weight is now partly supported by the wire and partly by the buoyancy of the displaced water. The weight W 3 was recorded. The mass of displaced water, according to Archimedes principle, is
where r w is the density of water (1 g/cm 3 ). The density of the specimen (r) was determined by dividing the weight of the specimen in air (W 1 ) by the volume (V).
Another method to measure the specimen volume V is directly by measuring the specimen dimensions using, e.g. digital caliper and micrometer accurate within AE0.02, AE0.005 mm. Results from the density measurements of the void-free specimens are provided in Table 2 . The results are close to those from the Archimedes method. The average density 1.153 g/cm 3 is close to the density of epoxy provided by the resin manufacturer (Technical data sheet, Hexion) r ¼ 1.16 g/cm 3 . For the void-containing specimens, density was determined from measured weight and measured specimen dimensions.
DSC
DSC is a thermal analysis technique used to characterize polymers by measuring the energy absorbed or produced as a function of temperature or time. DSC measures the difference in heat flow to the polymer sample and to the reference sample as a function of time or temperature under heating, cooling, or isothermal conditions. 36 DSC is a common method used to characterize melting, crystallization, glass transition, degree of cure, etc. 37 For our study, a major concern was whether or not the added chemicals PMHS and POMSC changed the basic chemistry of the epoxy resin. The glass transition temperature was determined during DSC run on dry void-free and void-containing epoxy specimens. A DSC model Q10-V9.0 Build275 from TA instrument was used.
For each DSC test, a small amount of material (5-10 mg) is extracted from a specimen and placed in a DSC aluminum pan with the lid closed using a press. In addition, an empty (reference) pan covered with a lid was used. The sample epoxy and the reference pans were placed inside the DSC cell. The DSC test was run in cyclic method under a constant flow of nitrogen 50 ml/min. The sample was heated from room temperature to 250 C at a rate of 10 C/min, then the sample was cooled to room temperature.
DMA
DMA is a technique in which a polymer specimen is subject to dynamic (cyclic) loading. In this method, the stress and strain signals are analyzed to determine the complex modulus E*, and the storage and loss moduli (E 0 and E 00 ). The purpose of the DMA tests was to verify the consistency of chemistry of the void-free and void-containing specimens, in addition to the DSC tests. DMA tests were run on void-free and void-containing epoxy specimens on a DMA Q800 model from TA instruments. Rectangular shaped dry epoxy specimens of dimensions 36 Â 9.30 Â 3.2 (mm) were loaded in a three-point bending fixture at an amplitude of 15 mm and frequency of 1 Hz. The temperature range was from 30 to 200 C at a heating rate of 5 C/min. The complex modulus (E*) was determined as a function of temperature. The glass transition temperature T g is estimated from the location of the peak in the loss modulus versus temperature curve.
Conditioning and water aging program
Specimens for the water immersion test in the form of circular plates (Figure 3 (a)) were sanded and polished. Then, specimens were dried in a furnace (model 20 GC lab oven) at 51 C according to ASTM D5229 38 for 24 h. After drying, the specimens were kept in a desiccator. The test program for the water uptake experiment is provided in Table 3 . Specific void-free and different void contents containing specimens were selected for water aging program based on the consistency of epoxy resin chemistry, which will be discussed later. The water aging program was initiated by weighing dry epoxy specimens using a Sartorius analytic balance accurate within AE0.1 mg. A sample holder was designed and built from high density polyethylene to hold up to eight moisture aging specimens (see Figure 5 ). Acrylic plastic rods were snap fitted on top of each specimen to prevent the specimen from floating. The sample holder and specimens were immersed in distilled water tank at 40 AE 1 C (PolyScience 2H1341878). To monitor water uptake, specimens were periodically withdrawn from the water bath one by one and wiped dry using a paper cloth and weighed in the Sartorius analytic balance. The moisture content is calculated from the where m(t) is the mass of the polymer after absorbing moisture for a specified time (t) and m 0 is the mass of the dry polymer. Figure 6 shows examples of micrographs of polished cross sections cut from void-free, low, medium, and high void content specimens. The micrographs shown in Figure 6 define the size and shape of voids. The shape of voids is close to circular, which for 3D, would correspond to spherical voids. The lowest void content image (Figure 6(a) ) represents a void-free specimen although small isolated voids are observed. The low void content specimen ( Figure 6 Image analysis was conducted on the micrographs to quantify void dimensions and void content as explained earlier. Figure 7 shows examples of void size distributions in medium and high void content specimens for 
Results and discussion
Microstructural analysis
Void contents
The void content was determined from the void area fraction using ImageJ analysis and by the ASTM D2734-09 (2009) 34 density method, using equation (1) as explained earlier, with density based on measured weight and dimensions. The density and void content results are summarized in Tables 4 to 8. The void-free specimens show void contents between À0.64 to 1.14% (Table 4) . Negative void content is of course impossible but may be a result of density variations or error in the measurements. The density and void content results do not show much variability, except for one low void content specimen SPL-1 (Table 5 ) and the high void content specimens (a) SPH (Table 7 ). The average void content for the void-free, low void, medium void, high void (a), and high void (b) content specimens are 0.47, 3.4, 28, 51.6, 50.6%, respectively. The small standard deviation for each void content indicates consistent specimen preparation. The void content results from ImageJ analysis and density method are shown in a bar chart form in Figure 8 . The void content results determined by the two methods are close (see Figure 8 ). 
DSC results
DSC analysis was performed on dry void-free and voidcontaining dry specimens, specifically SP-6 v v ¼ 1%,
and SPH-4b v v ¼ 51% to determine the glass transition temperature (T g ). Drying was done by placing the specimens inside a furnace at 51 C for 24 h. To validate T g results, DSC was conducted on two replicate specimens; two different void-free and void-containing specimens were tested by DSC. A total of 14 samples were tested.
The DSC curves for a void-free specimen are shown in Figure 9 (a) T g ¼ 90. 2 C for the void-free specimen. Figure 9 (b) shows an example of DSC results for a medium void content specimen with T g ¼ 90.1 C. The other void-containing specimens showed similar curves.
Glass transition temperatures for the various specimens are summarized in Table 9 . In most cases, T g varied less than 3 C between two replicate specimens. Such a small deviation seems acceptable. If T g differed by more than 6-9 C, these specimens were excluded from further analysis and testing. Specifically, for the low void content specimen (SPL-3), T g for both replicates is about 81
C. This falls below T g values for the other specimens, which are close to the value (90 C) reported for Epon 828 by Zhou and Lucas. 7 This indicates that the cross link structure is affected by adding the POMSC foaming agent (Table 1) . Also, the micrograph of the low void content specimen shown in Figure 6 (b) indicates a porous structure with a large number of very small voids observed, different from the other epoxy specimens with voids. For one of the high void content (b) specimens, T g is 95 C, which is considered outside the base line, which may be due to POMSC addition. The specimens selected for the water aging program have T g values close to the void-free epoxy specimen (about 90 C). Hence, the low void content specimens (SPL) and the high void content specimens (SPH-b) were not included in the moisture aging study (Table 3) .
DMA results
DMA testing provided the storage and loss moduli, and tan d for void-free, medium void content, and high void content epoxy specimens. Figure 10 shows the storage and loss moduli plotted versus temperature. The storage modulus of the void-free and medium void content specimens is in GPa range in the glassy region. For the specimen with a high void content, the modulus E 0 is below the GPa range. The glass transition results in large drops in storage modulus.
The loss modulus results are shown in Figure 10 (b). The peak of the loss modulus is often used as a measure of the glass transition temperature T g . 39 T g values are summarized in Table 10 . The T g values are in a narrow range from 102 to 109 C. The void-free, medium void, and high void content epoxy specimens have similar T g values, which show the consistency of chemistry in the void-free and void-containing specimens. The DMA test was conducted to further verify the consistency of the epoxy resin chemistry. T g varied by less than 4 C (Table 10 ) which is considered close. The T g results from the DMA test may be compared to those from the DSC test discussed earlier (Table 10) where T g values of about 90 C are observed. Aklonis, and MacKnight 39 pointed out that DSC and DMA tests produce different T g values because of the different time scales and principles of the tests.
Water uptake results
The weight of the wet test specimens is periodically measured and recorded as explained earlier. Moisture content was measured for the first 328 days of immersion (as of January 2018). Figure 11 shows moisture content versus square root of time ( ffiffiffiffiffiffiffi ffi day p ) plots for the voidfree, medium, and high void content specimens.
The water uptake occurs faster and reaches higher maximum moisture contents when the void content increases (see Figure 11) . The oscillations in the moisture content data for high void content epoxy specimens shown in Figure 11 may be due to water penetration through the relatively small ''wall'' between large voids (Figure 6(d) ), followed by entry of water into the void. The void-free and void-containing epoxy specimens are close to saturated. The moisture content reached by the various specimens after 328 days of immersion is shown in Figure 12 . The moisture uptake mechanism is obviously amplified with increasing the void content.
Langmuir model
Non-Fickian diffusion of moisture was examined by Carter and Kibler.
14 They presented a Langmuir-type two-phase model with four parameters: D (diffusivity), M 1 (saturation moisture content), (the probability of water molecule in the bound water state to convert into free water state), and (the probability of the water molecule in the free water state to change into bound water state). Bonniau and Bunsell 15 expressed the Langmuir model in the following form
where M represents the moisture content (equation (2)) and and ( For long exposure times, M(t) is approximated by
The Langmuir model parameters and are assumed to follow equation (4) . Then D is evaluated from the short-time linear region of M(t) versus ffiffi t p using equation 5(a) and an estimated value of the saturated moisture content M 1 . The saturation moisture contents M 1 for void-free, medium, and high void contents specimens are estimated as 2.5, 2.84, 4, and 8%. The parameters and were estimated from equation (4) . Reasonable fits to the data were obtained. The following estimate of ¼ 2 3 , however, provides improved fits of our data.
A MATLAB code was developed to fit experimental results to the Langmuir model. Figure 13 shows the Langmuir model (equation (3)) fitted to the experimental data for void-free, medium, and high void content specimens. Good fits of the water uptake results for void-free and medium void content specimens are observed (Figure 13(a) and (b) ).
For the specimen with 39% void content ( Figure 13(c) ), the Langmuir model (with M 1 ¼ 3%) displayed a good fit to the initial experimental data. After about 170 days of immersion ( ffiffi t p % 13 Þ, a marked discontinuity in the moisture content occurred. Such discontinuities have been observed for closed-cell PVC foams immersed in water by Earl and Shenoi. 21 They suggest this effect is due to water transport through the walls into open cell cavities. A similar mechanism may occur in our specimens. After about 170 days of immersion, however, the data fit the Langmuir model.
The Langmuir model was fitted to the average moisture content data for two highest void content specimens (54.1 and 59.1% void contents). At short and long times of immersion, the model fits the data reasonably (see Figure 13(d) ). Between 20 and 200 days of immersion, however, the Langmuir model overpredicts the moisture uptake. The reason for this deviation is not known but may be related to change of water uptake mechanism. The microstructure of high void content specimen (Figure 4) shows that several void cavities are connected and form a ''network.'' The initial rapid moisture transport may be due to voidenhanced flow that is much more rapid than diffusion through the polymer resin. This flow may become interrupted by regions of solid polymer between the voids, which will temporarily slow down the water uptake.
As discussed earlier, the water uptake process in polymeric materials is commonly described using Fick's law. The Fickian model applied to the voidfree specimen is shown in Figure 14 . The Langmuir fit shown in Figures 13(a) and 14 provides much better fit to the experimental results. Table 11 summarizes the four fitting parameters D, M 1 , , and for the void-free, medium, and high void content specimens. The diffusivity D increases with increasing void content. But the diffusivity for the highest void content specimens (v v ¼ 56%) is similar to that for the 27% void content specimen. The results shown in Figure 13 (d) for the highest void content specimens, however, reveal that the Langmuir model is not a good descriptor of the moisture uptake for this specimen. The diffusivity for the void-free specimen (D ¼ 7.74 Â 10 À8 m 2 /day) may be compared to the literature data. Li et al. 40 obtained the diffusivity for (DEGBA-DDM) epoxy resin immersed in water at 45 C as D ¼ 6.4 Â 10 À8 m 2 /day which is close to our results. Joliff et al. 41 found D ¼ 13 Â 10 À8 m 2 /day for DGEBA epoxy resin immersed in water at 70 C, which exceeds our value but the water temperature is higher than ours. Springer 13 presents graphs for the diffusivity of epoxy matrix over a wide range of temperatures. At 40 C the diffusivity is D ¼ 5.18 Â 10 À8 m 2 /day which is similar to our results.
Micromechanical analysis of diffusivity
The diffusivity of the void-containing specimens was determined in the micromechanical analysis based on the analogy between the moisture diffusivity and electrical conductivity. Using the Maxwell model, 42 the moisture diffusivity for the void-containing specimens can be obtained as follows
where D r is the resin moisture diffusivity, D a is the air diffusivity, and v v is the volume fraction of the voids. Cussler 43 provides the air diffusivity to be D a ¼ 2.44 m 2 /day. The resin moisture diffusivity (voidfree) from our experimental data listed in Table 11 is D r ¼ 7.74 Â 10 À8 m 2 /day. Figure 15 shows the micromechanical analysis for the diffusivity over a range of void contents from 0 to 60% determined using equation (6) and compared to our experimental results. The moisture diffusivity for specimens shows good agreement with the Maxwell model, although the Maxwell model is restricted to low void contents.
Mass balance analysis
The moisture content at saturation of the voidcontaining polymer specimen was analyzed based on mass balance calculations. In this analysis, the saturated moisture content of the void-containing specimens was determined based on two limiting assumptions, viz. no water in the voids and voids fully filled with water. The mass balance analysis provided in Appendix 1 provides limits on the saturated moisture content, M 1 , of the void-containing polymer as
where M r1 is the saturation moisture content of the void-free resin, v v is the void content, r w is the density of water, and r r is the density of dry resin. The resin saturation moisture content M r1 is 2.5% (Table 11 ). The results from the mass balance analysis and the experiment results are listed in Table 12 . The experimental results show that the voids absorb some water but are far from fully filled by water at saturation. Only about 6-8% of the available void volume is occupied by water. Still, the void-containing specimens absorb twice as much water as the void-free specimens. Mass balance analysis results by Humeau et al. 44 match with our mass balance results (at atmospheric conditions). They found that increased hydrostatic pressure caused increasing of void filling.
Conclusions
Void-free and void-containing epoxy matrix specimens have been investigated experimentally in terms of void structure, void content, and water absorption. Void structure (void shape, size, and void content) was characterized by using microscopy of sectioned specimens, ImageJ analysis and density measurement results for void contents were consistent. Microscopic analysis indicates that the voids are close to spherical in shape and isolated, except for specimens with very high void contents, where regions of connected voids are observed. Image analysis also provided void size distributions, with average void diameter of about 150 mm, much less than the thickness of the specimens. DSC and DMA tests on dry void-free and void-containing specimens verified that T g for the void-containing specimens is close to T g for the void-free specimens indicating consistent chemistry of the epoxy network. The moisture uptake increases with increasing void content, both in terms of rate and saturation moisture content. The mass balance analysis results indicate that a small fraction of the void volume (6-8%) is filled with water, and that this fraction is quite independent of the void content. The Langmuir model gives good fits to the experimental moisture uptake data for void-free and medium void content specimens. The water uptake results for the high void content specimens did not obey Langmuir model which may be due to void structure where some of the voids are connected. The diffusivity of the specimens with void contents from 0 to 56% agreed reasonably with the Maxwell inclusion model for particulate composites.
Equation (12) shows that for this case the moisture content of a specimen with voids at saturation is equal to the saturated moisture content of the voidfree resin.
The water absorption results (Figure 15 ), however, show the saturation moisture content is quite strongly influenced by voids. At the other extreme, we assume that at saturation the voids become filled with water. At saturation, the moisture content M 1 is
where V v is the total volume of voids and r w is the density of water. This expression M 1 may be simplified to
The total volume of the void-containing polymer V is defined by
Hence V r is given by
Void content (void volume fraction) is given by
By substituting equations (16) and (17) into equation (14), we obtain
